INTRODUCTION {#h0.0}
============

The Gram-positive bacterium *Listeria monocytogenes* has emerged as a model for the study of intracellular parasitism ([@B1], [@B2]). *Listeria* is able to enter mammalian cells, to disrupt its internalization vacuole, and to replicate in the cytoplasm of target cells, avoiding host cytoplasmic surveillance mechanisms. In addition, actin nucleation at the bacterial surface and formation of actin tails propel *Listeria* through the host cytoplasm and into neighboring cells ([@B3]).

Cellular invasion is achieved by engagement of either the adherens junction molecule E-cadherin or the receptor tyrosine kinase Met ([@B4], [@B5]) by the bacterial surface proteins internalin A (InlA) and InlB, respectively. Phosphorylation and ubiquitination of receptors upon ligand binding lead to the recruitment of a clathrin-associated complex containing the adaptor molecules Dab2, Hip1R, and myosin 6, which connect clathrin to the actin cytoskeleton ([@B6], [@B7]). Clathrin recruitment is required for the initial actin reorganization at the bacterial entry site ([@B8], [@B9]). Further actin rearrangements are induced by the small GTPases Rac1 and Cdc42, which activate WAVE and N-WASP, respectively, and promote actin nucleation via the Arp2/3 complex ([@B10], [@B11]). The Arp2/3 complex, whose function was initially characterized in the *Listeria* actin comet tail system ([@B12]), is a seven-protein complex that consists of two actin-related proteins, Arp2 and Arp3, and five additional components, p16 (ArpC5), p20 (ArpC4), p21 (ArpC3), p34 (ArpC2), and p41 (ArpC1). In humans, two isoforms of subunit p41 are encoded by the genes *arpc1A* and *arpc1B* ([@B13]). By nucleating a new daughter filament on preexisting actin filaments, the Arp2/3 complex generates branched actin networks ([@B14]). Other classes of actin nucleators, including VASP ([@B15]), formins, and WH2-containing members of the Spire and Leiomodin families, generate and elongate linear actin filaments (reviewed in reference [@B16]).

Here we first report the development of a high-throughput human genome-wide small interfering RNA (siRNA) screening protocol to identify new host factors involved in different steps of the *Listeria* infection process and to obtain new insights concerning its regulation. Imaging of the bacterial secreted protein InlC in the host cell cytoplasm was used to quantify infection levels ([@B17]), and actin labeling was used to detect actin tails associated with bacteria. Our siRNA screens allowed us to identify several cellular processes that regulate *Listeria* infection. In particular, several actin nucleators could be identified that, in addition to the Arp2/3 complex, contribute to early steps of InlB/Met-dependent *Listeria* infection but are dispensable for actin comet tail formation. Strikingly, subunits of the Arp2/3 complex are not equally required for bacterial entry and actin tail formation: while the subunits Arp2, Arp3, p21, p34, and p41 are required for entry, with p16 and p20 being dispensable for this step, all of the subunits except p16 are necessary for actin tail formation. Our results highlight the novel concept that different biological processes may use alternative Arp2/3 complexes.

RESULTS {#h1}
=======

In order to obtain a more comprehensive understanding of global signaling cascades governing host cell infection by *Listeria*, we performed a high-throughput siRNA screen in HeLa cells using a commercial human genome-wide siRNA library (ON-TARGETplus SMARTpool; Dharmacon) that contains pools of 4 different RNA oligonucleotides targeting the same transcript. To monitor infection, we developed an image-based assay relying on the detection of the bacterial protein InlC, which is actively secreted by *Listeria* once it reaches the cytoplasm of infected cells; immunofluorescence staining for this protein therefore allows for unambiguous discrimination between infected versus noninfected cells ([Fig. 1A](#fig1){ref-type="fig"}) ([@B17]). To perform our screen, at 72 h posttransfection with the genome-wide siRNA library, HeLa cells were infected for 1 h with enhanced green fluorescent protein (EGFP)-expressing *Listeria* and were incubated for an additional 4 h in the presence of the non-cell-permeable antibiotic gentamicin in order to allow internalized bacteria to reach the cytoplasm and secrete InlC, while preventing further bacteria from entering cells and saturating the infection. The HeLa cells were then fixed and stained for InlC, for actin (using fluorescent phalloidin), and for DNA (using 4\[prime\],6-diamidino-2-phenylindole \[DAPI\]) and were imaged using automated microscopy ([Fig. 1B](#fig1){ref-type="fig"}). After segmentation of nuclei and cell bodies using DAPI and actin staining, respectively, the InlC signal was quantified for each nucleus, cell, and perinuclear region; thresholding of the InlC intensities of these cellular objects allowed for binary quantification of infected versus noninfected cells and calculation of a normalized *Z* score ([Fig. 1C](#fig1){ref-type="fig"}). Indeed, if in most cases the InlC signal was evenly distributed across the cell and the nucleus, upon knockdown of some cellular proteins and depending on the cell shape, the InlC distribution could change. Manual quality control showed that infection could be reliably detected if the InlC intensities in all three aforementioned cellular regions were taken into account. A cell was considered infected if the InlC intensity threshold was reached in at least one of the analyzed regions. Representative examples of HeLa cells displaying either low (where siRNA treatment decreased infection) or high (where siRNA treatment increased infection) *Z* score indexes are shown ([Fig. 1D](#fig1){ref-type="fig"}). Knockdown of certain cellular factors influences cell viability or proliferation. In order to test for a general effect of the cell number on *Listeria* infection, the infection *Z* scores from genome-wide siRNA screens were plotted against the respective cell numbers ([Fig. 1E](#fig1){ref-type="fig"}). Even though the cell counts per well varied between 0 and more than 3,000, a correlation with the infection level was not observed. Nevertheless, knockdowns that reduced the cell number to fewer than 500 were not considered for further analyses or specifically flagged in order to filter out possible random effects due to the limited sample size.

![Screening strategy for an image-based siRNA screening of *Listeria* infection. (A) Cellular infection by *Listeria* was assessed by immunofluorescent detection of the protein InlC, which is secreted by intracellular bacteria and accumulates in the cytoplasm of infected cells. Bacteria were detected by expression of EGFP, the actin cytoskeleton was detected using fluorescent phalloidin, and nuclei were stained with DAPI. (B) The infection screening protocol included 72 h of HeLa cell reverse siRNA transfection, 1 h of infection with overnight-grown EGFP-expressing *Listeria*, gentamicin treatment for 4 h to kill extracellular bacteria, sample fixation and staining with antibodies and fluorescent dyes, and automated microscopy. (C) A binary quantification of infection (UI, uninfected versus infected cells) was established by thresholding the InlC intensities in nuclei, the perinuclear region, and in the cytoplasm of HeLa cells. The *Z* score of infection for a given gene was calculated as *z* = (*x* − µ)/σ, in which *x* is the infection index (no.of infected cells divided by the total no. of cells in a well of a 384-well plate), μ is the infection index mean per plate, and σ is the standard deviation (SD) of the infection index per plate. (D) Representative examples are shown of cells displaying low (up) or high (down) infection indexes according to the proportion of InlC-positive cells (yellow signal). Bar, 50 µm. (E) Scatter plot showing the cell number on the horizontal axis and *Listeria* infection levels on the vertical axis. Values are averages of 2 genome-wide screens. The dashed line shows the threshold of 500 imaged cells per well.](mbo0031523300001){#fig1}

[Figure 2A](#fig2){ref-type="fig"} shows the distribution of all siRNA targets from a genome-wide screen performed in duplicate and ranked according to the normalized infection level, microscopically quantified based on InlC secretion: a negative *Z* score indicates that cell infection by *Listeria* was impaired upon knockdown of the target gene of interest, while a positive value is associated with knockdowns resulting in a higher fraction of infected cells. (Genome-wide results are presented in [Table S1](#tabS1){ref-type="supplementary-material"} in the supplemental material.) Further analysis of the strongest 500 infection up- and downregulating hits using the "cellular components enrichment" tool of the STRING database (<http://www.string-db.org>) revealed substantial differences between these two classes of targets: while infection-limiting targets (the knockdown of which increases infection) are predominantly nuclear proteins, those hits whose knockdown limited infection are mostly associated with peripheral cellular structures related to cell membrane and cytoskeleton ([Fig. 2B](#fig2){ref-type="fig"}). Among the strongest 500 infection-limiting targets, we detected a cluster of spliceosome-related proteins: the heterogeneous nuclear ribonucleoprotein R (HNRNPR) as well as the 40-kDa small nuclear ribonucleoprotein (SNRNP40), together with the nuclear matrix component SRRM1 and the pre-mRNA splicing factors SF3A3 and SRSF2 ([Fig. 2C](#fig2){ref-type="fig"}). Another cluster of infection-limiting factors is made of components that are involved in transcriptional repression, for example, of MYC target genes ([Fig. 2C](#fig2){ref-type="fig"}). Interestingly, knockdown of MYC itself showed the opposite effect on *Listeria* infection ([Fig. 3A](#fig3){ref-type="fig"}), indicating that MYC-dependent gene expression plays an important role in cellular susceptibility to *Listeria* infection. We identified, comprised within the strongest 500 infection-promoting targets, a cluster that includes the Arp2/3 complex subunits Arp3 and p34 (encoded by the genes *actr3* and *arpc2*, respectively) together with the estrogen receptor 1 (ESR1) and several components of the WAVE complex (NCKAP1, ABI1 and CYFIP1) ([Fig. 2C](#fig2){ref-type="fig"})*.* Other relevant downregulating clusters include, for example, components related to the primary cilium (TCTN1, TCTN2, and CEP290) or factors involved in tyrosine kinase signal transduction, including the ephrin receptor EPHA2 and the protein tyrosine phosphatase PTPN12 ([Fig. 2C](#fig2){ref-type="fig"})*.*

![Results from two repetitions of the genome-wide siRNA screen for *Listeria* infection. (A) Distribution of the *Z* scores of infection for roughly 16,000 genes, with negative values associated with infection-reducing knockdowns and positive values associated with infection-increasing knockdowns. (Dotted lines indicate thresholds for the strongest 500 infection up- and downregulating hits.) (B) Cellular functions associated with infection-reducing (left) and infection-increasing (right) knockdowns using the "cellular components enrichment" tool from the STRING database; infection-reducing hits are associated with cortical cell functions, while infection-increasing hits are related to nuclear functions. (C) Gene clusters (STRING stringency, 0.7) of infection-reducing (green) and infection-increasing (red) knockdowns: (i) cluster related to receptor tyrosine kinase signaling, (ii) Arp2/3 complex activation-related cluster, (iii) cluster related to the primary cilium, (iv) cluster related to transcriptional repression of MYC-responsive genes, and (v) spliceosome-related cluster. Hits with a blue circle belong to the cellular components of cell projections (i and ii), cilia (iii), nucleoplasm (iv), or spliceosomal complex (v). (D) Infection *Z* score color code and diagram depicting the expectation according to published results where available (center) as well as results from the two different genome-wide screens using a Dharmacon pooled small interfering RNA (siRNA) library.](mbo0031523300002){#fig2}

![Results from validation screens for *Listeria* infection. (A) Gene clusters (STRING stringency, 0.7) of functional groups obtained with all hits that gave consistent results for infection with no more than one outlier out of 7 or 8 individual siRNA sequences or pools: (i) action-related cluster, (ii) RAC1 and Arp2/3 activation-related cluster, (iii) integrin/collagen-related cluster, (iv) receptor tyrosine kinase (RTK) signaling and GRB2-related cluster, (v) proteolytic cleavage, (vi) genes connected to interleukin-10 (IL-10), (vii) ribosome-related cluster, (viii) coatomer-related cluster, and (ix) proteasome-related cluster. Knockdowns that resulted in cell numbers lower than 500 are marked with asterisks. (B) Validation results for genes that have been shown to be involved in Met/InlB-dependent *Listeria* invasion (gray background) or that can be associated with the Met/InlB pathway (STRING stringencies of 0.235 for furin/MET and 0.4 for other connections). References are indicated in parentheses. (C) Infection *Z* score color code and diagram depicting the expectation according to published results (center) as well as results obtained with the Dharmacon pooled genome-wide libraries (DP), with the Ambion silencer select unpooled siRNAs (AU-SiSel_1 to -3), the Ambion silencer unpooled siRNAs (AU-Sil_1 to -3), and the Sigma esiRNA pooled siRNAS (EsiRNA).](mbo0031523300003){#fig3}

A subset of candidate genes was selected for further validation using siRNAs from different commercial providers (see [Table S2](#tabS2){ref-type="supplementary-material"} in the supplemental material). [Figure 3A](#fig3){ref-type="fig"} depicts *Z*-scored infection results for nine molecular clusters, which include mainly effectors not previously associated to signaling cascades affecting *Listeria* invasion. Among these, COPB1/COPB2 and COPG form a cluster of coat molecules which highly decreases infection (but also reduces cell viability) upon inactivation ([Fig. 3A](#fig3){ref-type="fig"}). An integrin-related cluster includes molecules like integrin β1, talin, and 18A1/4A6 collagens, which highly increase infection upon inactivation; however, in the same cluster, inactivation of integrin α5 and collagen 13A1 reduces infection ([Fig. 3A](#fig3){ref-type="fig"}). A Rac1-related cluster of infection-reducing targets includes the small GTPase RAB10, which was previously identified in a proteomic screen of molecules associated with *Listeria* internalization vacuoles (J. Pizarro-Cerdá, J. Garin, and P. Cossart, unpublished data) ([Fig. 3A](#fig3){ref-type="fig"}). An actin-related cluster also includes the lysine acetyl-transferase KAT5 ([Fig. 3A](#fig3){ref-type="fig"}).

We then focused our analysis on the InlB/Met invasion signaling cascade. As shown in [Fig. 3B](#fig3){ref-type="fig"}, our screens confirmed the requirement of a core signal transduction pathway for *Listeria* invasion in HeLa cells that includes the InlB receptor Met and the adaptor molecules GAB1 and GRB2 ([@B5], [@B18]), as well as two molecular routes dependent on clathrin or RAC1 that lead to actin rearrangements and nucleation by the Arp2/3 complex ([@B7], [@B8], [@B10], [@B19]) ([Fig. 3B](#fig3){ref-type="fig"}). We confirmed the inhibitory role of the phosphoinositide phosphatase OCRL on bacterial invasion ([@B20]) and identified the small GTPase RAB35 as a putative upstream activator of OCRL during infection, similarly to what has been shown for cytokinesis ([@B21]) ([Fig. 3B](#fig3){ref-type="fig"}). In addition, by STRING analysis, we identified novel cellular factors that influenced *Listeria* infection in siRNA screens and, according to their molecular function and reported role in related processes, could be involved in the regulation of the InlB-dependent invasion pathway. These include the insulin receptor substrate 2 (IRS2), the phosphoinositide kinase PIP5K1C, the Met precursor protease furin ([@B22]), and the formin DIAPH2 ([Fig. 3B](#fig3){ref-type="fig"}).

In macrophages, the contribution of members of the Rab family of GTPases to *Listeria* infection has been previously investigated, and RAB5A has been described as fostering the maturation of *Listeria* phagosomes toward lysosomes, while no role has been attributed to RAB5C ([@B23], [@B24]). In our screen, the three isoforms of RAB5 (RAB5A, RAB5B, and RAB5C) are found to be required for *Listeria* infection in epithelial cells, together with RAB20, a GTPase that has been recently described as a novel partner of phosphatidylinositol 3-kinase (PI 3-kinase) and RAB5 in delaying phagosomal maturation ([@B25]), and RAB10, as mentioned above. Interestingly, the most pronounced reduction in infection was observed upon inactivation of RAB18 and RAB40C, two GTPases that have been implicated in the formation of lipid droplets ([@B26], [@B27]). On the other hand, inactivation of recycling endosome-related Rab-GTPases RAB11 and RAB35, as well as RAB27A- and -B, promotes *Listeria* infection ([Fig. 4A](#fig4){ref-type="fig"}). Other examples of protein families that showed diverse results in our screens are the A kinase anchor proteins (AKAPs) and septins ([Fig. 4B and C](#fig4){ref-type="fig"}) ([@B28]). As mentioned above ([Fig. 3A](#fig3){ref-type="fig"}), a cluster of subunits of the coatomer was shown to play a role in *Listeria* infection. Similar results were observed for all the other subunits of the complex, with only COPG2 displaying no effect on infection ([Fig. 5B](#fig5){ref-type="fig"}). Another complex example is the COP9/signalosome, which has been implicated in a broad range of functions, including proteolysis, cell cycle, and DNA repair ([@B29]): with the exception of CSN7A, inactivation of all of the subunits of the complex appeared to promote infection, at least mildly ([Fig. 5A](#fig5){ref-type="fig"}).

![Infection of cells depleted of proteins belonging to selected protein families. Shown are infection *Z* scores of cells infected with *Listeria* for 5 h after depletion of members of the Rab-GTPase family (A), the A-kinase anchor protein family (B), or the septin family (C). Bars represent the mean of results from two genome-wide siRNA screens.](mbo0031523300004){#fig4}

![Infection of cells depleted of proteins belonging to selected protein complexes. Infection *Z* score of cells infected with *Listeria* for 5 h after depletion of subunits of the COP9/signalosome complex (A), the coatomer complex (B), or the Arp2/3 complex (C). Protein complex schemes were adapted from references [@B29], [@B30], and [@B37]. Bars represent the means of results from two genome-wide siRNA screens. (D) Examples of images from the primary genome-wide siRNA screen for InlC staining upon inactivation of each subunit of the Arp2/3 complex. Bar, 50 µm.](mbo0031523300005){#fig5}

A particular and surprising situation was observed for the Arp2/3 complex ([Fig. 5C and D](#fig5){ref-type="fig"}). This actin nucleating complex has previously been shown to participate in the InlB-dependent invasion process by *Listeria*: in particular, the subunit Arp3 has been localized by fluorescence microscopy to the entry site of bacteria or InlB-coated latex beads, and sequestration of the Arp2/3 complex by overexpression of the Scar1 C-terminal domain blocks bacterial entry into host cells ([@B19]). In our screens, we demonstrated a role for the Arp2/3 complex subunits Arp2, Arp3, p34, and p21 in cellular infection by *Listeria* ([Fig. 3](#fig3){ref-type="fig"} and 5C and D), but surprisingly, no role for p16 was observed, and we even detected positive infection scores upon inactivation of p41A, p41B, and p20 ([Fig. 5C and D](#fig5){ref-type="fig"}). We verified the effect of siRNA transfection on each Arp2/3 complex subunit on expression of the other subunits, and while siRNA-mediated knockdown of the targeted Arp2/3 complex subunits was efficient, expression of the respective other subunits was not significantly altered (see [Text S1](#textS1){ref-type="supplementary-material"} and [Fig. S1](#figS1){ref-type="supplementary-material"} in the supplemental material). Together, our observations strongly suggest that an Arp2/3 complex containing only a subset of subunits is required for cellular infection by *Listeria* or that only some subunits of the complex are functional in this context.

Since our InlC infection readout is performed after 5 h of infection, in order to specifically analyze the early stages of bacterial internalization, we performed gentamicin invasion assays for 2 h and quantitation of *Listeria* colony-forming units (CFU) after knockdown of the individual Arp2/3 complex subunits. Here again, inactivation of Arp2, Arp3, p34, and p21 resulted in the strongest inhibition of *Listeria* entry into HeLa cells, while p16 did not affect bacterial invasion at all, and only a moderate effect on entry was observed upon inactivation of p20 ([Fig. 6A](#fig6){ref-type="fig"}). Inactivation of p41A and p41B did not inhibit invasion or only moderately affected this process, respectively ([Fig. 6A](#fig6){ref-type="fig"}); we tested whether these p41 isoforms have overlapping functions during *Listeria* invasion, and as shown in [Fig. 6B](#fig6){ref-type="fig"}, simultaneous knockdown of both molecules has a strong effect on entry, demonstrating that the subunit p41 is important for the function of the Arp2/3 complex during *Listeria* entry into cells. All tested combined depletions of p41, p21, p20, and p16 never did block *Listeria* invasion as efficiently as the single knockdowns of Arp2 or Arp3 ([Fig. 6B](#fig6){ref-type="fig"}). These results therefore suggest on one hand that Arp2 and Arp3 are the key components of the complex, but also demonstrate that the subunits p20 and p16 are dispensable for the internalization of *Listeria* within host cells.

![Contributions of the different subunits of the Arp2/3 complex to *Listeria* invasion. Subunits of the Arp2/3 complex were knocked down by siRNA transfection of HeLa cells either individually (A) or in combination (B). One hour after infection with *Listeria*, cells were washed with gentamicin in order to kill extracellular bacteria, and *Listeria* entry was measured by counting CFU. Bars represent the mean and standard error of the mean (SEM) from 3 experiments. Significant differences (Student's *t* test) from the scramble treatments are indicated as \*\* (*P* \< 0.01) and \* (*P* \< 0.05). (C) HeLa cells infected with *Listeria* for 10 min were stained for actin (red) and the Arp2/3 complex subunit p20 (left panel, green) or p16 (right panel, green). Bars, 5 µm.](mbo0031523300006){#fig6}

We next analyzed whether actin tail formation by cytoplasmic *Listeria*, a well-characterized Arp2/3-dependent mechanism ([@B12]), may take place in the absence of specific complex subunits. Qualitative analysis of actin tails in images from validation experiments indicated that inactivation of Arp2, Arp3, p34, and p21 abrogates actin comet tail formation by cytoplasmic *Listeria* completely, and knockdown of p20 reduces the number of actin-positive bacteria, even though the fraction of bacteria presenting elongated tails is less strongly altered. Simultaneous knockdown of the two p41 isoforms blocked actin polymerization, while inactivation of either p41A, p41B, or p16 led to partial inhibition of actin tail formation ([Fig. 7A](#fig7){ref-type="fig"}). Quantitative morphometric analysis of actin polymerization in cells inactivated for each subunit of the Arp2/3 complex demonstrates that the subunits Arp2, Arp3, p41, p34, p21, and p20 are required for tail formation, but p16 is dispensable ([Fig. 7B](#fig7){ref-type="fig"}). Interestingly, while knockdown of p16 did not block *Listeria* entry and actin comet tail formation, it can still be detected at bacterial entry sites and actin comet tails by fluorescence staining ([Fig. 6C](#fig6){ref-type="fig"}, right panel, and 7C, right panel). In contrast, p20 could be detected neither at the bacterial entry site ([Fig. 6C](#fig6){ref-type="fig"}, left panel) nor at actin comet tails ([Fig. 7C](#fig7){ref-type="fig"}, left panel). However, closer examination of p20 localization in cells infected with *Listeria* revealed that this Arp2/3 complex subunit localizes to the bacterial surface at early stages of actin comet tail formation ([Fig. 7C](#fig7){ref-type="fig"}, left panel). p20 may therefore be mainly beneficial during initial actin polymerization at the surface of cytoplasmic *Listeria*, while it seems to be dispensable for subsequent comet tail elongation. This is in agreement with the observation that p20 knockdown strongly reduced the number of bacteria with partial or complete actin clouds at the surface, while the number of bacteria with short or long actin tails was altered only relatively mildly ([Fig. 7B](#fig7){ref-type="fig"}). Altogether, our results clearly demonstrate that the subunit p16 is required neither for *Listeria* entry into host cells nor for actin tail formation and that p20 is required for actin tail formation, probably at initial stages, but not for cell invasion.

![Contributions of the different subunits of the Arp2/3 complex to actin comet tail formation by *Listeria*. (A) Examples of images from validation experiments for actin and *Listeria* upon inactivation of each subunit of the Arp2/3 complex. Bar, 5 µm (B) Percentage of *Listeria* cells displaying long actin tails, short tails, full actin clouds, partial clouds, or no actin association upon inactivation of Arp2, Arp3, p41 (both subunits simultaneously), p34, p21, p20, and p16. Bars represent the means from 4 experiments. (C) HeLa cells infected with *Listeria* for 6 h and stained for actin (red) and for the Arp2/3 complex subunit p20 (left panel, green) or p16 (right panel, green). Bars, 5 µm; insert bar left, 2 µm; insert bar right, 1 µm.](mbo0031523300007){#fig7}

Broader analysis of screening results for described actin nucleators indicates that, besides the Arp2/3 complex, other actin nucleators may also participate in the *Listeria* infection process ([Fig. 8A](#fig8){ref-type="fig"}). For SPIRE2 and the formin homology 2 (FH2) domain-containing proteins FMNL3 and DIAPH2, a contribution to *Listeria* infection was confirmed by validation experiments ([Fig. 2A](#fig2){ref-type="fig"}; see [Fig. S2A](#figS2){ref-type="supplementary-material"} and [Text S1](#textS1){ref-type="supplementary-material"} in the supplemental material). Interestingly, SPIRE and DIAPH2 were previously implicated in the interplay between endosomal compartments and the actin cytoskeleton ([@B31], [@B32]), which raises the question of whether these actin nucleators play similar roles during *Listeria* invasion. SPIRE2, however, could not be detected in the vicinity of invading *Listeria* ([Fig. 8C](#fig8){ref-type="fig"}). While SPIRE2 knockdown reduced bacterial invasion, knockdown of the closely related SPIRE1 did not. Indeed, the subcellular localizations of both proteins were not identical. SPIRE2 could be found throughout the cell body; SPIRE1 instead was concentrated in perinuclear structures probably belonging to the exocytic pathway ([Fig. 8D](#fig8){ref-type="fig"}). This is in agreement with the previously described subcellular localization of this protein ([@B33]). Remarkably, the phenotype of cells visualized by actin staining was altered after depletion of SPIRE2. These cells were more circular, with altered stress fiber orientation and distinct cell borders. Depletion of SPIRE1 did not affect the cell shape and general actin phenotype (see [Text S1](#textS1){ref-type="supplementary-material"} and [Fig. S2B](#figS2){ref-type="supplementary-material"} in the supplemental material). A phenotype similar to the one observed in SPIRE2-depleted cells was also seen upon knockdown of a few other genes that reduced *Listeria* infection (not shown), strongly supporting that macroscopic actin structures like stress fibers and general cell shape influence the bacterial invasion process. While SPIRE2, DIAPH2, or FMNL3 seem to be required for successful *Listeria* invasion of host cells, actin comet tails can still form in their absence ([Fig. 8B](#fig8){ref-type="fig"}), indicating that they are not required for this process.

![Involvement of other described and potential actin nucleators in *Listeria* infection. (A) Infection *Z* score of alternative described and potential actin nucleators from 2 genome-wide siRNA screens. (B) Example of images from genome-wide siRNA screens showing actin comet tails after knockdown of different alternative actin nucleators. Bar, 10 µm. (C) HeLa cells infected for 10 min with *Listeria* and stained for SPIRE2. Bar, 10 µm; insert bar, 1 µm. (D) Images showing cellular localization of SPIRE1 expressed as a GFP fusion protein and fluorescently stained SPIRE2 in HeLa cells. Bar, 10 µm.](mbo0031523300008){#fig8}

DISCUSSION {#h2}
==========

Here we report a genome-wide siRNA screen for factors critical for *Listeria* infection in epithelial human cells. Two genome-wide siRNA screens have been previously performed in phagocytic *Drosophila* S2 cells ([@B34], [@B35]). The screen that we present in this article is therefore the first genome-wide siRNA screen in a cellular system in which *Listeria* actively triggers its own internalization, using the InlB/Met-dependent signaling cascade, as HeLa CCL2 cells were our infection model. Even though the entry pathways in these different screens are different, we found common hits related to vesicle trafficking (including VPS28, COPB2, ATP6V1C1, and MON2) and to regulation of actin dynamics by the Arp2/3 complex (for example, NCKAP1, ABI1, ARPC2, and CFL2), highlighting therefore that these two cellular processes are essential for *Listeria* invasion irrespective of the host species and cell-specific entry pathway.

Our genome-wide siRNA screen not only confirmed and refined previously described signaling pathways involved in this process but also shed new light on the contribution of diverse cellular functions like RNA splicing, vesicle trafficking mechanisms, and protein complexes like the coatomer and the COP9/signalosome to cellular infection by *Listeria*. Interesting results were obtained for factors involved in actin polymerization: the actin nucleators SPIRE2, DIAPH2, and FMNL3 were found to contribute to early stages of infection but are dispensable for actin comet tail formation by cytosolic *Listeria*. Particularly surprising results were obtained for the involvement of the Arp2/3 complex in both steps of infection. It has been previously shown that for successful invasion of host cells by *Listeria*, local actin rearrangements by the Arp2/3 complex at bacterial entry sites are essential ([@B19]). By performing human genome-wide siRNA screens and selected validations, here we confirm that inactivation of central components of cytoskeletal rearrangement pathways dependent on the Arp2/3-complex results in significantly reduced cellular infection by *Listeria*. More importantly, we also demonstrate, contrary to the prevalent view in the field, that not all of the subunits of the Arp2/3 complex are equally required for *Listeria* cell entry and that alternative complexes displaying only the Arp2, Arp3, p41, p34, and p21 subunits, in the absence p20 and p16, appear sufficient to allow invasion. Moreover, we also show that the subunit p16 is dispensable for *Listeria* actin comet tail formation. The function of the Arp2/3 complex as one major actin nucleator in eukaryotic cells was initially identified and characterized in the *Listeria* actin-based motility system, in which the bacterial protein ActA directly recruits and activates Arp2/3 at the *Listeria* surface to promote cell-to-cell spread ([@B12]). Detailed analysis of the contribution of each Arp2/3 subunit to actin polymerization using ActA as a nucleation-promoting factor in a baculovirus expression system within insect cells indicated that all subunits are important for the ActA-dependent Arp2/3 function, even though complexes lacking p16, p21, or p41 still showed basal activity ([@B36]). Arp3 was shown to be particularly crucial for actin nucleation, while p20 and p34 were proposed to form a structural core that is essential for complex formation ([@B36]). Our present results indicate that in the context of mammalian cell infection by *Listeria*, Arp2, Arp3, p41, and p34 are the most critical subunits for successful cell invasion, with p21 partially contributing to this process and p20 and p16 being dispensable. Inactivation of both p41A and p41B strongly affects *Listeria* cellular invasion, but knockdown of p41A has no effect at all on bacterial entry in HeLa cells, suggesting that p41B is the predominant isoform in this context. Consistently, Arp2, Arp3, p34, and p41B were all detected at the bacterial entry site (see [Fig. S3](#figS3){ref-type="supplementary-material"} and [Text S1](#textS1){ref-type="supplementary-material"} in the supplemental material). Interestingly, inactivation of p41A, but not p41B, has a distinct effect on actin tail formation ([Fig. 7A](#fig7){ref-type="fig"}), suggesting that p41A is the predominant isoform in the Arp2/3 complex recruited by ActA. Altogether, these results show that unexpectedly not all of the Arp2/3 complex subunits are necessary for efficient *Listeria* entry into host cells and actin-based motility. The fact that p16 can nevertheless be detected at both bacterial entry sites and actin comet tails indicates that Arp2/3 complexes containing this subunit, while not required, may still be recruited during both processes. It is possible that Arp2/3 complexes of different compositions have overlapping functions during *Listeria* infection, but it is also possible that the precise composition of different Arp2/3 complex types plays a role in fine-tuning actin rearrangements in both instances. This is supported by the observations that p20 can be found predominantly early during actin comet tail formation and that knockdown of p20 affects the initial actin polymerization at the bacterial surface rather than actin tail elongation, indicating that different Arp2/3 complexes may be required in a sequential manner.

Interestingly, during the preparation of this article, a study was published by Chorev and coworkers showing that hybrid complexes consisting of an Arp2/3 core complex (Arp2, Arp3, and p34), α-actinin, and the focal adhesion molecule vinculin or Arp2, Arp3, p21, p34, and vinculin are involved in focal adhesion formation ([@B37]). Vinculin had been previously shown to modulate Arp2/3 function at focal adhesions ([@B38]). The study by Chorev et al. ([@B37]) supports the notion that alternative Arp2/3 complexes that do not consist of the 7 classical subunits are involved in specific cellular processes. Notably, these alternative complexes contain vinculin, which allows for recruitment to focal adhesions and competes with p41; knockdown of p41, therefore, has a positive effect on focal adhesion and stress fiber formation, as the equilibrium is shifted toward Arp2/3-vinculin hybrid complexes ([@B37]); double knockdown of both p41 isoforms strongly decreases bacterial entry in gentamicin invasion assays, indicating that p41 function is absolutely required for actin polymerization by Arp2/3 at *Listeria* entry foci. Interestingly, in our siRNA screens, we found that vinculin knockdown positively affects cell infection by *Listeria*, indicating that alternative complexes formed by the Arp2/3 core Arp2, Arp3, and p34, as well as additional factors other than vinculin, are implicated in *Listeria* entry. Determination of the conditions that promote the contribution of alternative Arp2/3 complexes to specific cellular functions should provide important information on the signaling pathways involved. In addition, this work strongly provides a framework for an integrative view of bacterial infection: future efforts will aim at deciphering the specific contribution of novel identified signaling networks to the *Listeria* infection process, *in vitro* as well as *in vivo*.

MATERIALS AND METHODS {#h3}
=====================

Cells, bacteria, and plasmids. {#s3.1}
------------------------------

HeLa CCL-2 cells from the American Type Culture Collection (ATCC) were cultured at 37°C in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal calf serum (FCS) in a humidified 5 or 10% CO~2~ atmosphere. *Listeria monocytogenes* strains EGDe.PrfA\* (BUG3057) and EGDe.PrfA\*.GFP (BUG3357) were cultured in brain heart infusion (BHI) medium. The plasmid pEGFP-C3-SPIRE1 was obtained from Isabelle Tardieux (Institut Cochin, Paris, France) and was described previously ([@B33]).

siRNA transfection. {#s3.2}
-------------------

For genome-wide siRNA screens, a commercially available library of pooled siRNA sequences (human ON-TARGETplus SMARTpool; Dharmacon) was used in a 384-well-plate format. Validation screens were done using up to 6 individual commercially available siRNA sequences (Silencer and Silencer Select; Ambion) and endoribonuclease-prepared siRNA (esiRNA) pools (Sigma). Secondary validation experiments were performed using siRNA ON-TARGETplus SMARTpools of 4 siRNA sequences, custom-made pools of 2 to 3 ON-TARGETplus siRNA sequences, or individual ON-TARGETplus siRNAs (Dharmacon). HeLa cells were transfected in DMEM containing 0.1 to 0.125% Lipofectamine RNAiMAX (Life Technologies) and a total siRNA concentration of 20 nM and cultured for 72 h in the presence of 10% FCS. Each 384-well screening plate contained controls for siRNA transfection (Kif11 siRNA) as well as negative controls (mock and nontargeting siRNA) and a control for *Listeria* infection (Met siRNA). For siRNA screens, transfections were done using a Multidrop 384 device (Thermo Electron Corporation).

*Listeria* infection and siRNA screening. {#s3.3}
-----------------------------------------

For infection experiments, *L. monocytogenes* strain EGDe.PrfA\* and for siRNA screens EGDe.PrfA\*.GFP overnight liquid cultures in BHI medium were washed 3 times with phosphate-buffered saline (PBS). The bacterial concentration was quantified by measuring the optical density at 600 nm, and bacteria were diluted in DMEM supplemented with 1% FCS. For siRNA screens, cells were infected at a multiplicity of infection (MOI) of 25 bacteria per cell in 30 µl infection medium calculated for 2,000 cells per well. The infection process was synchronized by centrifugation for 5 min at 1,000 rpm, and the plates were then transferred to a 37°C incubator with a 5% CO~2~ atmosphere for 1 h. Extracellular bacteria were then killed by exchanging the medium with fresh DMEM supplemented with 10% FCS and 40 µg/ml gentamicin (Gibco) and incubated for another 4 h at 37°C in a humidified 5%-CO~2~-containing atmosphere. Infection and medium replacement were carried out using a plate washer (ELx50-16; BioTek). Cells were fixed for 15 min by adding 30 µl 8% paraformaldehyde in PBS to each well using a Multidrop 384 device and washed with 500 µl PBS per well using a Power Washer 384 (Tecan). Nuclei were stained with DAPI (Roche), the actin cytoskeleton was labeled with Dy-647--phalloidin (Dyomics), and InlC was stained with a homemade rabbit-derived anti-InlC serum ([@B39]) and a secondary Alexa Fluor 546-coupled anti-rabbit antibody (Invitrogen). Antibodies and probes were diluted in PBS supplemented with 0.2% saponin, and the staining procedure was carried out with a Freedom Evo robot (Tecan). After staining, cells were kept in 40 µl PBS, sealed, and stored at 4°C until microscopy. Nine images per well were taken automatically with an ImageExpress microscope (Molecular Devices) equipped with a 10× S Fluor objective. HeLa cells plated on glass coverslips and transfected with siRNA targeting the indicated subunits of the Arp2/3 complex were infected with *L. monocytogenes* strain EGDe.PrfA\*. After 1 h, the medium was replaced with 40 µg/ml gentamicin-containing medium in order to kill extracellular bacteria. After another 4 h, cells were fixed, permeabilized with 0.05% saponin or 0.1% Triton X-100, and stained for actin using fluorescent phalloidin (Molecular Probes) and for total *Listeria* (R11, in-house produced rabbit polyclonal antibody). For staining at bacterial entry sites of individual Arp2/3 subunits (rabbit polyclonal anti-p20 antibody \[Santa Cruz sc-68394\] or mouse monoclonal anti-p16 antibody \[Santa Cruz sc-166760\]) or for SPIRE2 (rabbit polyclonal AP54024PU-N; Acris GmbH), cells were infected at an MOI of 25 and fixed 10 min postinfection; for staining of Arp2/3 subunits at actin comet tails, cells were infected at an MOI of 5 and fixed 6 h postinfection. Images were taken using an inverted wide-field fluorescent Axiovert 200-M microscope (Carl Zeiss) equipped with an EMCCD Neo camera (Andor).

Image analysis. {#s3.4}
---------------

Images from high-throughput screens were scaled to an intensity range between 0 and 1 on a full assay plate. After shading correction (flat-field correction and vignetting correction), objects were detected using CellProfiler ([cellprofiler.org](http://cellprofiler.org)). First, labeled nucleus objects were segmented in the DAPI channel. Second, nucleus objects were extended by 8 pixels and the nuclear area was removed from this extended nuclear area in order to construct a perinuclear ring object. Finally, cell body objects were segmented in the actin channel using the "propagation" method with the nucleus objects as seed objects. Actin comet tails from high-magnification images were classified and quantified manually.

Infection detection and measurement for high-throughput screens. {#s3.5}
----------------------------------------------------------------

*Listeria* infection, visualized by InlC staining, appears as dispersed Cy3 signals of various intensities across the cell body. The strength of this signal is dependent on the amount of bacteria inside the cell. While high infection leads to a very strong fluorescence intensity, very low or no infection results in low background intensity. To quantify infection, Cy3 intensity, which is highest in the perinuclear area, was measured in the objects "nuclei," "perinuclei," and "cells" using a custom CellProfiler pipeline. Infection was quantified by setting a threshold of InlC signal intensity that corresponds to uninfected cells. In order to obtain comparable results, *Z* scoring was used to normalize variations between individual plates and screens.

Gentamicin invasion assay. {#s3.6}
--------------------------

Gentamicin invasion assays were performed as described previously ([@B40]). Briefly, cells were plated and siRNA transfected in 96-well plates 72 h before infection. After infection for 1 h, cells were washed once with DMEM supplemented with 10% FCS and 40 µg/ml gentamicin and incubated in the same medium for 1 h at 37°C in a humidified 10% CO~2~-containing atmosphere. To quantify entry, cells were lysed with distilled water, serial dilutions of the lysates were plated on BHI agar plates, and colonies were counted the day after. Values of invasion are given as a percentage of the inoculum.

SUPPLEMENTAL MATERIAL {#sm1}
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Western blots to validate the inactivation of the different subunits of the Arp2/3 complex. (A) Cell lysates were loaded on polyacrylamide-SDS gels, transferred to polyvinylidene difluoride (PVDF) membranes, and blotted using antibodies against the different subunits of the Arp2/3 complex; the TopoIIα protein (170 kDa) or histone H3 (15 kDa) was used as a loading control. (B) Relative expression levels of all 7 Arp2/3 complex subunits after knockdown of individual subunits. mRNA concentrations 72 h post-siRNA transfection were quantified by quantitative reverse transcription-PCR (qRT-PCR). One representative experiment of a biological triplicate is shown. Bars represent the means of two technical replicates. Download
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Validation experiments for alternative actin nucleators. (A) Infection *Z* score of cells transfected with siRNAs targeting different actin nucleators and infected with *Listeria* for 5 h. Results for 3 different silencer select siRNAs for each target are shown. Bars represent the means of duplicate screens. Results of primary screens for SPIRE2, FMNL3, FMN2, and DIAPH2 could be confirmed with 2 or 3 additional siRNAs. (B) Examples of images from genome-wide screen depicting cellular actin phenotypes of cells transfected with nontargeting control siRNA or siRNA targeting SPIRE1 or SPIRE2 and infected with *Listeria*. Bar, 50 µm. Download
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Colocalization of Arp2/3 subunits with *Listeria* at bacterial entry sites. Cells infected with *Listeria* for 10 min were stained for Arp2, Arp3, p34, or p41B. Bar, 5 µm. Download

###### 

Figure S3, PDF file, 0.5 MB

###### 

Genome-wide infection *Z* scores upon gene inactivation by siRNA pools.
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Validation screen *Z* scores upon gene inactivation by single siRNAs. DP, Dharmacon pooled primary screening results (average from 2 screens); AU SiSel, Ambion unpooled silencer select siRNA; AU sel, Ambion unpooled silencer siRNA; SI esiRNA, Sigma esiRNA pools. Negative infection *Z* scores are highlighted with green, and positive infection *Z* scores are highlighted with red. Genes are ranked according to the median infection *Z* score.
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